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AERONAUTICS AND SPACE ADjKiXISTWION 

TECHNICAL MEMoIiANDUM X-391 

HEAT TRANSFER TO BLUNT AXIAlXX SYMMETRIC BODIES* 

By John 0.  Reller, Jr. 

SUMMARY 

A large number of bodies of revolution were t e s t e 5  t o  determine 
the  e f f ec t s  of var ia t ions  i n  body shape on over -a l l  heat- t ransfer  r a t e s .  
Included i n  t h e  invest igat ion were s tudies  of t he  e f f ec t s  of changes 
i n  body fineness r a t i o ,  r a t i o  of nose t o  base diameters, and nose 
p ro f i l e  - including t h e  addi t ion of spikes.  The t e s t  ranges of nose t o  
base diameter r a t i o s  and body fineness r a t io s  were, 'respectively, 0 t o  1 
and 0.3 t o  2.0. 
Reynolds numbers from 2.5 t o  0.4 mil l ion based on body diameter, and 
stagnation temperatures from 530' R t o  840' R.  

Tests were conducted a t  Mach numbers .from 3.0 t o  6.3, 

Heat-transfer data f o r  blunt shapes with laminar flow expressed 
as the  Stanton number times the  square root of Reynolds number (based 
on conditions behind a normal shock) were e s sen t i a l ly  :independent of 
free-stream Mach number and body shape within the  range of t h e  present 
investigation. The addition of nose spikes resul ted i n  subs tan t ia l  
increases i n  heat t r ans fe r  f o r  both steady and unsteadjr flows. 
copparison of some of t he  tes t  results with theo re t i ca l  estimates of 
heat - t ransfer  rates showed r e l a t i v e l y  good agreement. 

A 

INTRODUCTION 

It i s  known t h a t  blunting of body noses and wing :Leading edges can 
r e s u l t  i n  appreciable reductions i n  the  aerodynamic heating rates of 
t he  forward portions of vehicles,  e i t h e r  during en t ry  ln to  the  ear th 's  
atmosphere a t  high ve loc i t ies  (see,  e.g. ,  r e f .  1) or i n  steady f l i g h t  
a t  hypersonic speeds. It is  therefore  of i n t e re s t  t o  lnquire in to  the  
type of blunt p ro f i l e  and t h e  mount of bluntness,  r e l a t ive  t o  maximum 
body diameter or wing thickness,  t h a t  w i l l  be most e f fec t ive  i n  minimiz- 
ing convective heat- t ransfer  rates. There a re ,  of course, requirements 
other  than t h a t  of minimum heat t r ans fe r  which must be considered i n  
t h e  design of high-speed vehicles.  For example a large degree of 
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bluntness i s  not compatible with the  requirement of low drag f o r  long- 
range a i r c r a f t  operating within the  ear th 's  atmosphere, while, on the  
other hand, s t r u c t u r a l  design and surface cooling techniques may be 
simplified by bluntness.  

The purpose of the  present paper i s  t o  compare the  heat- t ransfer  
rates t o  a var ie ty  of blunt  bodies of revolution and t o  evaluate, i n  
pa r t ,  t he  e f f ec t s  of body-nose geometry on heat- t ransfer  r a t e s .  The 
comparable two -dimensional problem and other possible aerodynamic 
considerations are  not included i n  the  discussion. The bodies included 
in the  study range from large-angle cones t o  f u l l y  blunt cylinders 
and include shapes with varying s izes  of blunt noses, varying fineness 
r a t io s  and varying nose prof i les  - some with nose spikes.  The experi- 
mental heat - t ransfer  r e su l t s  and some corresponding pressure-distribution 
data were obtained i n  the  Ames 10- by 14-Inch Supersonic Wind Tunnel at 
Mach numbers from 3.0 to 6.3 w i t h  corresponding free-stream Reynolds 
numbers from 2.5 t o  0.4 mil l ion based on body diameter. 

A 

B.L. 

cP 

D 

d 

h 

h l  

K 

reference area 

boundary layer  

spec i f ic  heat at constant pressure 

diameter of body base 

diameter of body nose 

convective heat- t ransfer  coeff ic ient  

l o c a l  convective heat- t ransfer  coeff ic ient  

parameter f ix ing  l e v e l  and gradient of body surf ace pressure 
coeff ic ients  (see ref .  2 )  

body length 

Mach number 

s t a t i c  pressure 

dynamic pressure 

heat -transf er rate 

~00uooD - 
lloo 

Reynolds number referenced t o  body base diameter, 
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Reynolds number based on distance along surface from RS 
stagnation point,  ESLiZ!, 

PCO 

S distance along surface from stagnation point 

S t  Stanton number 

T s t a t i c  temperature 

T r  reference temperature 

w a l l  temperature T W  

U veloci ty  

2,F cy l ind r i ca l  coordinates of body p ro f i l e  normalized by body nose 
radius 

P densi ty  

P coef f ic ien t  of v i scos i ty  

Subscripts 

co f r e e  -stream conditions 

1 l o c a l  flow conditions a t  edge of boundary layer 

ns conditions behind normal shock wave 

b body base area 

a body surface area exclusive of t h e  base 

T e s t  Mode Is 

Prof i les  of t he  bodies of revolution t e s t ed  ir- t h i s  investiga- 
The t i o n  a re  shown i n  f igure  1, where r e l a t ed  shapes are  superposed. 

var ia t ions i n  body fineness r a t i o  and in nose t o  base diameter r a t i o  
were from 0.3 t o  2.0 and from 0 t o  1, respect ively.  
cones of f ixed fineness r a t i o  and var iable  nose diameter and t h e  

The hemisphere 
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truncated cones of groups 1 and 2 ( f i g .  1 ( a ) )  w e r e  t e s t ed  t o  determine 
the  e f f ec t s  on heat- t ransfer  r a t e s  of t h e  var ia t ion  of nose diameter 
r e l a t i v e  t o  base diameter and t h e  e f f ec t s  of changing the  nose p ro f i l e  
shape from f l a t  t o  spherical .  
are a l s o  shapes of  f ixed fineness r a t i o  and var iable  nose diameter. 
The p ro f i l e  shapes of t h i s  group of bodies are based on the  premise 
t h a t  the  heat- t ransfer  r a t e s  may be reduced by obtaining low stream 
veloc i t ies  i n  the  high-d-ensity flow a t  t h e  nose and, conversely, low 
a i r  dens i t ies  i n  the  high-velocity flow over the  af terport ions of t h e  
bodies, as described i n  reference 2.  
shapes of t h e  K-series bodies is  (see r e f .  2 )  

The K-series bodies of group 3 ( f i g .  l ( b ) )  

The equation defining the  p ro f i l e  

The K-series bodies of group 4 ( f i g .  l(b)) were t e s t ed  t o  determine 
the  e f f ec t  of var ia t ion  of t he  fineness r a t i o  of bodies having a f ixed 
r a t i o  of nose t o  base diameters. The p ro f i l e  shapes of these bodies 
are a lso  defined by the  equation above. 
body shape i s  comon t o  both groups 3 and 4 and therefore  provides a 
bas is  f o r  comparison between the  e f f ec t s  of var iable  nose t o  base 
diameter r a t i o  and var iable  fineness r a t i o .  

It may be noted t h a t  t h e  K-6 

Some variat ions of nose p ro f i l e  shape were investigated by tests 
on the  bodies of group 5 ( f i g .  l ( c ) ) .  
t h i s  group is the  K-6 body shape of groups 3 and 4. 
t he  noses of t h i s  group of bodies a re  e s sen t i a l ly  c i r cu la r  segments of 
varying r a d i i  of curvature.  

The basic  f la t -nose shape of 
The prof i les  of 

The three bodies of group 6 ( f i g .  l ( d ) )  - 60' cone, hemisphere 
cone and hemisphere - were t e s t ed  t o  es tab l i sh  comparative leve ls  of 
heating of simple, basic  shapes. A s  in reference 2 these bodies are 
used here as reference shapes. 
comparison of heat- t ransfer  r a t e s  t o  two d i f f e ren t  truncated conical  
shapes of approximately equal surface area (exclusive of base area). 

The two bodies of group 7 provide a 

The bodies of group 8 ( f i g .  l ( e ) )  with nose spikes were t e s t ed  t o  
e s t ab l i sh  the  e f f ec t s  of various nose spikes on over -a l l  heat- t ransfer  
r a t e .  The bodies shown i n  f igure  l ( f  ) are segments of the K-6 shape 
of group 4, which were used t o  measure heating rates t o  the f l a t  face  
and the  should-er region. 

Heat-transfer models w e r e  made of anodized aluminum with surface 
f in i shes  of the  order of 10 t o  20 microinches. The pressure-dis t r ibut io  
model, K-6 shape, was made of polished steel  and had a somewhat smoother 
surface than did t h e  heat- t ransfer  models. 
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Apparatus and Test Procedure 

Tests were conducted in the  Ames 10- by 14-Inch Supersonic Wind 
Tunnel a t  Mach numbers from 3.0 t o  6.3, corresponding Reynolds numbers 
from 2.5 t o  0.4 mil l ion,  and stagnation temperatures from 530° t o  840O R. 
Detai ls  of the hea t - t ransfer  apparatus are  shown i n  f igure  2 .  Heat- 
t r ans fe r  models were supported from the r ea r  by a t h i n  cy l ind r i ca l  s h e l l  
t h a t  was shielded from the  a i r  stream. An outer concentric sh ie ld  was 
separated from the  t h i n  s h e l l  and the model by an a i r  gap. Heat input 
was through a res is tance heater  of Inconel wire wciund on a copper spool 
located a t  the  forward end of the support s h e l l .  A guard heater  and a 
temperature equalizing r ing  were attached t o  the  support s h e l l  and were 
used t o  s top  the  rearward heat flow through the  s h e l l  and thus prevent 
heat l o s s  t o  the  support system. 
of two iron-constantan thermocouples soldered t o  the f r o n t  heater  spool, 
two d i f f e r e n t i a l  thermocouples on the support she1.1 t o  indicate  the  
temperature balance between the f ron t  and r ea r  hea te rs ,  and from three  
t o  seven iron-constantan thermocouples pinned within the t e s t  models a t  
various points near t he  outer  surface.  Temperatures were measured on 
a self-balancing precis ion potentiometer while the  hea t - t ransfer  r a t e  
was determined f o r  s teady-state  conditions from the  e l e c t r i c a l  power 
input t o  the  hea ter .  
and at severa l  heat- t ransfer  r a t e s  with f ron t  to r ea r  heater-temperature 
balance. Maximum model temperatures ranged from :;Oo F t o  90' F above 
t h a t  f o r  t he  no-heat -flow condition. 

Heat-transfer instrumentation consisted 

Data were recorded f o r  the no-heat-flow condition 

Pressures were measured with conventional U-tube manometers f i l l ed .  
with mercury and d ibuty l  f o r  high and low absolute pressures,  respec- 
t i v e l y .  

Reduction and Accuracy of Data 

The experimental data of t h i s  invest igat ion a re  representat ive of 

(These r e su l t s  can be compared with 
convective heating r a t e s  f o r  an isothermal surface,  near recovery 
temperature i n  an ideal-gas flow. 
the t h e o r e t i c a l  predictions of reference 3 i f  a measured pressure 
d i s t r ibu t ion  i s  used t o  define l o c a l  Mach numbers. ) Radiant -heating 
e f f e c t s  have been neglected s ince model-surface and tunnel-wall tempera- 
tures were very near ly  the  same. This r e l a t i v e l y  simple experimental 
technique, t h a t  is, using a s o l i d  model of high conductivity,  r e s u l t s ,  
of course, i n  t he  determination of over-al l  heating r a t e s .  This r a the r  
gross approach can be p a r t i a l l y  ref ined by t e s t i n g  so l id  sect ions of 
bodies t h a t  a r e  i so la ted  from the remainders, as was  done i n  the case 
of the  K-6 shape. 
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The steady-state heat- t ransfer  measurements were reduced i n  the  
following manner. The convective heat- t ransfer  coef f ic ien t  i s  defined 
as : 

where Q i s  the  e l e c t r i c a l  power t o  the heater ,  A i s  a reference area,  
and Tw-Tr 
reference temperature. The reference temperature Tr i s  not a d i r ec t  
experimental measurement, although it is  close t o  the  body temperature 
at the  minimum Q 
between main and guard hea ters .  This temperature Tr i s  t he  Q = 0 
intercept  obtained by extrapolation of the  measured 
sur face)  versus 
boundary layer ,  the  heat- t ransfer  coef f ic ien t ,  h,  i s  a constant f o r  
s m a l l  values of the  temperature poten t ia l ,  Tw-Tr. 
was  m a d e  f o r  models t e s t ed  with f ixed t r a n s i t i o n .  For var iable  
t r a n s i t i o n  locat ion the  temperature po ten t i a l  w a s  based on model tempera- 
t u r e  f o r  the no-heat-loss t e s t  condition. Heat-transfer coef f ic ien ts  
were converted t o  Stanton numbers, 

i s  the  difference between the  w a l l  temperature and a 

condition f o r  which temperature balance w a s  obtained 

Q (isothermal 
Tw data, based on the assumption that  f o r  a laminar 

A s imilar  assumption 

where 
area,  respect ively.  

Sta and Stb a re  re fer red  t o  t he  forebody surface a rea  and base 

The estimated accuracies of the  experimental data are  l i s t e d  as 
follows : 

Heat-transfer coef f ic ien t ,  h C10 percent 
Stanton number, S t  +l3 percent 
Reynolds number, R Cl.5 percent 

These estimates do not include the  e f f e c t  of l o c a l  deviation from the  
isothermal condition on boundary-layer development and heat capacity.  
This e f f ec t  i s  considered t o  be s m a l l ,  however, s ince the  deviations 
from uniform surface temperature var ied from +lo F t o  C3O F i n  the  
t e s t s .  
a contribution due t o  heat t r ans fe r  from the  bases of t h e  models. 
Models of 2-, 2-1/4-, and 3-inch diameter were t e s t ed  and only a center  
region, 1.8 inches i n  diameter, w a s  shielded.  Thus, depending on model 
diameter, 16, 34, and 63 percent, respectively,  of t he  base area was  
exposed. 
estimated t o  be l e s s  than 6 percent of t he  t o t a l  i n  a l l  cases .  

In  addition, the experimental heat- t ransfer  coef f ic ien ts  include 

The heat- t ransfer  contr ibut ion of the  exposed base was 
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Furthermore, it should be noted t h a t  a l l  of t he  models i n  each group, 
except groups 7 and 8, had the  same base diameter; thus t h e  r e l a t ive  
e f f ec t s  of base heating would be nearly constant i n  each group. For 
t h i s  r e  as on, c ompar is  ons of re l a t  ive heat -trans f e r  c hrac t e r  i s  t i c  s 
i n  each group are not grea t ly  affected by base heating. 

RESULTS AND DISCUSSION 

Effects  on Heat-Transfer Rate of Variations of 
Body -Shape Parameters 

Size of nose r e l a t ive  t o  body base.-  Some e f f ec t s  of body nose 
s i ze  on the  r a t e s  of heat t r ans fe r  t o  blunt shapes of constant f ineness 
r a t i o  are  shown i n  f igure 3 where Stanton number i s  shown re l a t ive  t o  
the  r a t i o  of body nose t o  base diameter. 
laminar boundary-layer flow, and show t h a t  heating r a t e s  are  r e l a t ive ly  
insens i t ive  t o  nose diameter. It can be seen t h a t  the  heat- t ransfer  
r a t e  per un i t  base area, Stb, f o r  bodies with equal base diameters i s  
apparently a minimum f o r  r a t i o s  of nose t o  base diameters of about 
0.2 ( f i g .  3 ( a ) )  while t he  rate per un i t  surface area, Sta ,  i s  a minimum 
f o r  r a t i o s  of d/D from about 0.8 t o  1.0 ( f i g .  3 ( b ) ) .  It can be shown 
t h a t ,  f o r  these t e s t  r e su l t s ,  t he  minimum heat- t ransfer  r a t e  pe r  un i t  
volume occurs a t  values of t he  diameter r a t i o  of abcut 1 .0 .  Compara- 
t i v e  data  f o r  bodies with approximately equal surface areas are  shown 
i n  t ab le  I where Stanton numbers f o r  a 600 cone and a 60° hemisphere 
cone are  l i s t e d .  In t h i s  case, as i n  the case of f ixed fineness r a t i o ,  
it is  evident t h a t  a s m a l l  amount of blunting is  generally favorable 
throughout the  range of t e s t  Mach numbers. The very l a rge  reduction 
i n  heat- t ransfer  r a t e  a t  i s  associated wi.th the  e f f ec t  of 
t h e  body-nose shape on the  character of t he  boundary layer  over t he  
a f te rpor t ion  of t he  body as w i l l  be discussed i n  a la ter  sect ion.  

The t e s t  r e s u l t s  a re  f o r  

M, = 3.5 

On the  basis of t he  data shown i n  f igure  3 and i n  t a b l e  I, there-  
fore ,  it i s  evident t h a t  while a s m a l l  amount of bluntness is  bene- 
f i c i a l  i n  reducing the  l e v e l  of t o t a l  heating t o  shapes of a given 
fineness r a t i o ,  t he  increased nose s i z e  and the  increased body surface 
area associated with greater  bluntness r e s u l t  i n  increasing t o t a l  heat 
inputs .  O f  course, if  heat-input rates per un i t  surface area or per 
uni t  volume are important i n  a vehicle design, t he  l a rge r  degrees of 
bluntness may be advantageous. It should be noted, of course, t h a t  
w i t h  increasing nose bluntness a grea te r  portion of t he  t o t a l  heat 
input i s  in to  the  nose regions of bodies of given fineness r a t i o ,  and 
the  average rates over txe  af terport ions a re  decreased as a r e s u l t  of 
t he  decreased body slopes r e l a t ive  t o  the  free-stream di rec t ion .  

Fineness r a t i o . -  The e f f ec t  on heat- t ransfer  r a t e s  of var ia t ions  
of body fineness r a t i o  f o r  bodies with f ixed r a t i o s  of nose t o  base 
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diameters i s  shown i n  f igure  4. 
f o r  a f l a t  surface 
f la t - faced  model segment shown i n  f igure  l ( f  ) . 
se r i e s  bodies were extended t o  these values.  It can be seen i n  f igure  
4(a)  t h a t  f ineness r a t i o  has a r e l a t ive ly  small e f f ec t  on Stanton 
number, Stb, i n  par t icu lar  f o r  body length t o  base diameter r a t io s  
from 0.5  t o  2 .  Sta 
decreases markedly as a r e s u l t  of t he  increase of surface area with 
increasing fineness r a t i o .  The general  trends of the  changes i n  
Stanton number with fineness r a t i o  may be seen t o  be somewhat s imilar  
t o  the  measured and calculated var ia t ions f o r  laminar flow over cones. 

Estimated values of the  heating r a t e s  
(L/D = 0) were based on measured rates t o  the  

The curves f o r  t h e  K- 

By comparison, i n  f igure  4(b) ,  Stanton number 

Body-nose s h a E . -  The shape of a body nose and the  p ro f i l e  shape 
at the  junction of nose and afterbody can a f f ec t  heat- t ransfer  r a t e s  
i n  two fashions.  F i r s t ,  the  l o c a l  heating r a t e s  over the  nose and 
shoulder regions are t o  a large degree, dependent on l o c a l  rad i i  of 
curvature, t h a t  is, on the  detai led shape of t he  nose and shoulder. 
Second, as pointed out i n  reference 4, the  shoulder p ro f i l e  may be 
such as t o  induce t r a n s i t i o n  from l a m i n a r  t o  turbulent flow i n  the  
boundaq layer  and thus increase heat- t ransfer  r a t e s  over much of t h e  
afterbody. The f i r s t  e f f ec t  was  investigated by varying the  shape of 
t he  nose of a basic  K-6 body, while holding the  shoulder radius 
constant.  The models are shown as group 5 i n  f igure  1, and the  results 
are presented i n  f igure  5 .  All prof i les  were spher ica l  sectors  and the  
depth or  height w a s  referenced t o  the  location of t he  f l a t  face.  Data 
were obtained only at M, = 4.24 and zero angle of a t t ack .  It ca.n be 
seen i n  f igure  5 t h a t  t he  minimum Stanton number occurred a t  a cavi ty  
depth r a t i o  of about 0.08. 
0.08 t o  0.24 the  Stanton number increased i n  a regular manner. 
a t  a depth r a t i o  of 0.36 t he  flow i n  the  cavity and over t he  shoulder 
exhibited a random unsteadiness of large magnitude, and a subs t an t i a l  
increase i n  heating rate was  measured. Two shadowgraph pictures  of 
t h i s  unsteady flow are  shown i n  f igure  6 .  
as t h a t  reported i n  reference 5 f o r  a hemispherical cav i ty .  
reference 5 show l o c a l  heating rates with unsteady f l o w  i n  the  cavi ty  
t o  be, i n  some cases, of the  order of two t o  three times those at 
corresponding points on a convex hemispherical nose. It w a s  noted, 
however, t h a t  a small angle of a t t ack  
a steady-f low, low-heating-rate s i t ua t ion .  For the  present data at 
zero angle of a t tack,  t he  comparable r e su l t s  are  s imilar  i n  t h a t  t he  
total-heat  r a t e  t o  t h i s  body, i n  the  unsteady-flow s i tua t ion ,  is grea te r  
than t h a t  estimated f o r  t he  basic  shape with e s sen t i a l ly  a f u l l  
hemispherical nose as shown i n  f igure  5 .  
ing r a t e s  t o  the  nose alone would d i f f e r  by a much l a rge r  percentage. 

A s  cavi ty  depth r a t i o  w a s  increased from 
However, 

This phenomenon is  the  same 
The data of 

( -2 " )  w a s  su f f i c i en t  t o  e s t ab l i sh  

I n  a l l  probabi l i ty  the  heat-  

The second e f f ec t ,  t h a t  of nose and shoulder shape on boundary- 
layer  t r ans i t i on ,  i s  i l l u s t r a t e d  i n  f igure  7 where Stanton numbers 
a re  shown f o r  one fineness-ratio-2 hemisphere cone and severa l  
truncated cones (groups 1 and 2 ) .  The da ta  are f o r  %= 3.5 ,  where 
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Reynolds numbers are su f f i c i en t ly  high t o  i l l u s t r a t e  t h i s  e f f e c t .  
Curves are  f a i r e d  through the  truncated-cone da ta  which represent heat-  
t r ans fe r  r a t e s  with pa r t ly  turbulent  boundary-layer flow over t h e  models. 
The hemisphere-cone group is  represented by the  da ta  a t  d/D = 1/2 and, 
of course, by t h a t  a t  which is a l imi t ing  case common t o  both 
groups. On the  assumption t h a t  the  t rend with d/D f o r  a hemisphere 
cone with laminar boundary layer  w i l l  be similar t o  t h a t  at 
shown i n  f igure  3, the  heating r a t e  at is  representative of 
t he  l e v e l  of heating over a considerable range of nose t o  base diameter 
r a t io s .  On t h i s  bas i s ,  it is  seen t h a t  f o r  t he  t e s t  conditions at 
M, = 3.5 ,  the  heat- t ransfer  rates f o r  t he  flat-nosed bodies can be as 
much as twice those f o r  the  round-nosed bodies i n  s p i t e  of the f a c t  t h a t  
the  heat input t o  a f l a t  nose has been shown ( r e f .  5 )  t o  be l e s s  than 
t h a t  t o  a hemisphere of t he  same diameter. The r e l a t ive  magnitude of 
t h i s  e f f ec t  of nose or shoulder shape is  dependent t o  a large degree, 
of course, on body fineness r a t i o  and on the  s i ze  of t he  body nose 
r e l a t i v e  t o  the  body base. This l a t t e r  f ac to r  determines, i n  par t ,  t he  
r a t e  of heat t r ans fe r  t o  the  afterbody r e l a t ive  t o  t h a t  t o  t he  nose. 

d/D = 0 

M, = 5 ,  
d/D = 1/2 

The tes t  r e su l t s  a t  = 3.5 shown i n  t ab le  I are  s imi la r  i n  
nature t o  those discussed above; t h a t  i s ,  t he  sph?rical-nosed model 
had a grea te r  extent of laminar flow than did the  cone body. The 
large difference in t o t a l  heat- t ransfer  r a t e s  thEt may be seen i n  
t ab le  I is  of t he  same magnitude as t h a t  shown i n  f igure  7. 

Nose s ikes . - Theoretical  and some experimental invest igat ions,  
reference -2- f o r  example, have indicated s igni f icant  reduct ions i n  heat - 
t r ans fe r  rates i n  regions of separated flow. Thus, there  ex i s t s  the  
a t t r ac t ive  poss ib i l i t y  of reducing the  heating rake t o  a blunt nose 
by using a nose spike t o  create a laminar separated region. Investiga- 
t ions  of t h i s  e f f ec t  in a i r  flow at  Mach numbers from 1.7 t o  5.0 and 
M, = 6.8 are described i n  references 7 and 8, respectively,  while a 
similar invest igat ion i n  
9. Furthermore, i n  reference 10, it w a s  shown t h a t  a nose spike can 
produce an unsteady flow i n  which the  recovery fac tors  over t he  majority 
of a body are wel l  below normal values f o r  a turbulent boundary layer .  
This l a t te r  e f f ec t ,  then, might lead t o  a reduction i n  heating r a t e s  t o  
body surfaces normally enveloped i n  turbulent  boundary-layer flow. A 
b r i e f  survey of these p o s s i b i l i t i e s  w a s  included in the  present invest i -  
gation, the  r e s u l t s  of which a re  shown i n  f igure  8. 

M, = 14 helium flow i s  reported i n  reference 

I n  f igure  8 the  lower curve is  the  var ia t ion  of Stanton number 
A s ing le  flagged point a t  

i s  f o r  a f la t - faced  cylinder of the  same fineness r a t i o .  
with Mach number f o r  t he  basic  K-6 body. 

The upper curve represents t he  r e s u l t s  with various length spikes.  
(Spike diameter and t i p  shape a re  not c r i t i c a l  f o r  t he  s izes  chosen, 
a t  l e a s t  f o r  t he  unsteady type of flow discussed i n  r e f .  10. ) The 
t r i angu la r  symbols shown at 

= 4.24 

M, = 5 and 6.3 are  f o r  a long spike with 
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steady separated flow at free-stream Reynolds numbers representative 
of f u l l y  laminar boundary layer  on the  unspiked reference model. 
spiked configuration has considerably higher heating rates than the  
reference model, although the percentage increase is  less a t  the  higher 
Mach number. These measured increases i n  heating rate are  i n  agreement 
with those reported i n  reference 7 but are in opposition t o  the  r e su l t s  
of reference 9, where a spike of about the  s a e  length ( r e l a t i v e  t o  
nose diameter) caused a 25-percent decrease i n  heating r a t e .  The 
probable reason f o r  t h i s  lack of agreement with the  r e s u l t s  of reference 
9 i s  the  difference i n  t e s t  Mach and Reynolds numbers. The r e su l t s  of 
reference 8 show t h a t  l o c a l  heating r a t e s  on a blunt face are strongly 
influenced by the  laminar or turbulent nature of t he  separated f r e e  
boundary ahead. of t he  blunt face,  and t h a t  t r ans i t i on  Reynolds numbers 
f o r  t h i s  boundary may be considerably below those f o r  attached laminar 
flow. This l a t te r  finding of free boundary t r a n s i t i o n  a t  r e l a t ive ly  
l o w  R i s  a l so  indicated on shadowgraph pictures  of t he  present tes ts .  
A t  
body, which could explain the  r e l a t ive ly  smaller increase i n  heating 
r a t e  shown i n  f igure  8.  
consistent with those of references 8 and 9, which indicate  over-al l  
reductions in heating rates at high Mach numbers and/or su f f i c i en t ly  
low Reynolds numbers. 

This 

% = 6.3 t he  laminar f r e e  boundary approaches the  shoulder of the  

Thus the  present r e su l t s  are  considered t o  be 

Turning now t o  the  shor te r  spikes which caused large-scale unsteady 
f l o w  t o  envelop t h e  body it is  seen t h a t  Stanton numbers, r e l a t i v e  t o  
those f o r  attached laminar flow, a re  increased by a f ac to r  of from 
2-1/2 at = 6.3 and 

R = 0.38xioe. 
whether sharp or blunt .  Furthermore, a t  M, = 4.24 t h e  heating rate 
with unsteady flow i s  shown t o  exceed t h a t  f o r  t he  K-6 body with 
turbulent afterbody flow. This la t te r  value i s  indicated by the  f i l l e d  
symbol i n  f igure  8 and w a s  obtained by using a boundary-layer t r i p  at 
the  shoulder of t he  model. Thus, a t  the  Mach numbers and Reynolds 
numbers of these t e s t s  a t  l ea s t ,  t he  use of short  spikes t h a t  produce 
unsteady flow does not appear promising f o r  t he  reduction of heat-  
t r ans fe r  coeff ic ients  on low-fineness-ratio blunt bodies. It should be 
remembered, of course, t h a t  heat r a t e ,  Q, depends both on t h e  heat-  
transfer coef f ic ien t  and the  temperature poten t ia l .  The lower recovery 
fac tors  associated with short  spikes i n  the  discussion of reference 10 
(which indicate  reduced temperature poten t ia l s  ), when considered with 
a Stanton number r a t i o  ( the  r a t i o  of Stanton number with spike t o  t h a t  
without sp ike)  t h a t  i s  decreasing with Mach number as shown i n  f igure  8, 
may at  higher Mach numbers and/or lower Reynolds numbers r e s u l t  i n  
heating rates t o  a blunt shape which are  less than those f o r  attached 
turbulent  boundary-layer flow. 

M, = 3 and R = 2.O3X1O6 t o  about 1-1/2 a t  

Spike-tip shape apparently made l i t t l e  difference,  



Variation of Heat-Transfer Rates With Mach Number 

The var ia t ion  with free-stream Mach number of heat- t ransfer  r e su l t s  
f o r  a representative group of shapes is  presented i n  f igure  9. It is  
evident t h a t  the  large increase of Stanton number with is  common 
t o  those shapes having laminar boundary-layer flow. The tes t  r e su l t s  
f o r  t he  60' cone a t  Mach numbers of 3.0 t o  3.3 and f o r  t h e  hemisphere 
cone a t  Mach number 3.0 shown i n  f igure  9 are higher than those f o r  t h e  
other  t e s t  bodies because turbulent  ra ther  than laminar flow exis ted 
over portions of t h e i r  surfaces. The theo re t i ca l  curve shown is  t h a t  
calculated f o r  laminar flow by the  method of reference 11 and by use 
of t he  transformation from f l a t - p l a t e  t o  conical  flow. 

M, 

It would be expected t h a t  t he  var ia t ion  of Stanton number shown i s  
due both t o  the e f f ec t s  of changing Mach number and t o  the  e f f ec t  of 
Reynolds number as it varies  with Mach number i n  the  wind tunnel. It 
i s  known t h a t ,  f o r  laminar flows, Stanton number var ies  inversely with 
the  square-root of Reynolds number and it i s  expected t h a t ,  f o r  blunt 
shapes, i f  t he  Reynolds number were based on conditions behind t h e  
normal shock wave, t he  e f f ec t s  of free-stream Mach number var ia t ions 
might be la rge ly  eliminated. Some of t he  present r e s u l t s  modified i n  
t h i s  manner are  shown i n  f igure  10 where the  var ia t ion  with t e s t  Mach 
number of Stanton number multiplied by 6 is  shown f o r  t he  t e s t  
bodies with laminar boundary-layer flow. The theo re t i ca l  r e su l t s  shown 
are  the  same as those shown i n  f igure  9 for a 60° c0ne.l  
par t icu lar ly  in te res t ing  t o  note t h a t  the  da ta  cor re la te  wel l  f o r  these 
shapes despi te  the  f a c t  t h a t  a subs tan t ia l  portion of the  heat t r ans fe r  
occurs over the  a f te rpor t ion  of t he  bodies. 
at least within the  boundary layer ,  t he  t o t a l  pressure l o s s  through 
t h e  shock wave influences the  flow w e l l  a f t  on the  bodies. 

It i s  

This r e s u l t  indicates  tha t ,  

Local Heat -Transfer Rates 

The measurement of over -a l l  heat- t ransfer  r a t e s  described herein 
can, at bes t ,  give only a qua l i ta t ive  idea of l o c a l  neating rates. For 
most of the  simpler shapes, of course, good estimates of l o c a l  heating 
rates can be obtained with ex is t ing  theories  i f  t he  boundary layer  f l o w  
i s  assumed t o  be laminar. Some d i f f i c u l t y  is  encountered, however, f o r  
f l a t  -nosed shapes with afterbody curvature and re1at:ively high l o c a l  
pressure gradients.  
between l o c a l  heating r a t e s  ( integrated over portion:; of the body surface)  

In reference 2 a l imited comparison w a s  made 

%e results f o r  the 60° cone have been presented in t h i s  same 
form, t h a t  i s ,  
body even though it has an attached oblique shock wave. 

Stb G, since t h i s  shape could be considered a blunt 



I n  f igure  12, integrated values of t heo re t i ca l  heat- t ransfer  
coef f ic ien ts  f o r  portions of the body surface,  obtained from the  
d is t r ibu t ions  of f igure  11, are compared with separate experimental 
measurements of heating r a t e s  f o r  these s m e  surfaces.  The experimental 
da t a  were obtained by measuring the  heating r a t e s  t o  the  body segments 
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calculated using the  method of Stine and Wanlass ( r e f .  3 )  and experi- 
mental data  f o r  the  K-6 shape shown i n  f igure  1. 
dis t r ibu t ions  are  reproduced i n  f igure  11, along with theo re t i ca l  
stagnation region values calculated by the  method of Sibulkin ( r e f .  12)  
and two-dimensional d i s t r ibu t ions  calculated by the  method of Van Driest  
( r e f .  11) f o r  the  same l o c a l  flow conditions and with Reynolds numbers 
based on the  surface distance from the  stagnation point.  Experimentally 
determined surface-pressure d is t r ibu t ions  were used i n  calculat ing these 
heating-rate d is t r ibu t ions .  In  each case, a portion of t he  Stine-Wanlass 
d i s t r ibu t ion  curve i s  shown as a dashed l i n e  i n  the  shoulder region t o  
indicate  a measure of uncertainty i n  the  theo re t i ca l  estimates.  
magnitude and the  locat ion of the  maximum points are  uncertain because 
of t he  spacing of t he  pressure taps  and the  extrapolation required i n  
the  application of the  theo re t i ca l  method. 
t h a t  a region of high heating r a t e s  ex i s t s  on the  shoulder and t h a t ,  
over most of the  afterbody, heating r a t e s  are much less than 1/2 t he  
stagnation point value. 
heat-rate  d i s t r ibu t ion  for the  60° cone a t  % = 5 ,  i n  f igure  l l ( c ) .  
The main feature  of t h i s  comparison is the  s h i f t  of t h e  c r i t i c a l  heating 
region f romthe  point of the  cone, where the  surface area is  s m a l l ,  
t o  the  shoulder of t he  body where the  surface area is  r e l a t ive ly  large.  
The e f f ec t  of t h i s  s h i f t  i s  t o  counterbalance the  reduced heating r a t e s  
over the  rear portion of the  K-6 shape. 
experimental data  of f igure  9 which show t h a t  t he  heating r a t e  f o r  the  
K-6 shape i s  not much l e s s  than f o r  the  60° cone. Thus, it i s  obvious 
t h a t  a corner with enough curvature t o  f o r e s t a l l  premature t r a n s i t i o n  
may s t i l l  be subjected t o  very high heating rates. 
the  d e s i r a b i l i t y  of a more refined design approach. 
i s  t o  use a s l i g h t l y  convex face which would tend t o  reduce the  l o c a l  
density and heat rate a t  t h e  shoulder, a t  t he  expense of an increased 
heat r a t e  t o  the  stagnation region. Such a refinement i s  represented 
by the theo re t i ca l  estimates in f igure  l l ( a )  and by the  experimental 
data  point i n  f igure  5 ,  f o r  the  model with a nose cap height of 0.07 
of the  nose diameter. The theory, as expected, indicates  a reduction 
in heating r a t e  at the  shoulder and an increase over t he  center of the  
nose; both the  integrated theo re t i ca l  value and the t e s t  point shown 
i n  f igure  5 indicate  a s l i g h t  net  increase i n  t o t a l  heating. 
best  compromise between nose and shoulder heating i s  not obvious from 
t h i s  l imited information. It is of i n t e re s t  t o  observe, however, t h a t  
t he  nose curvature of t h i s  configuration i s  nearly t h e  same as t h a t  
which resul ted i n  the  minimum t o t a l  heat r a t e  t o  hemispherical segments 
as noted i n  reference 5 .  

These theo re t i ca l  

The 

In any event, it i s  obvious 

This trend is  compared with a theo re t i ca l  

This f a c t  i s  ve r i f i ed  by the  

This e f f ec t  suggests 
One obvious change 

Thus, t he  



shown i n  f igure  l ( f  ) and i n  the  s m a l l  sketches in f igure  12. 
and experiment are seen t o  be i n  reasonably good agreement. 
a comparison of theory and experiment f o r  t he  f l a t  nose and f o r  the  
nose-plus-shoulder t e s t  bodies indicates t h a t  t he  theory overestimates 
heating rates i n  the  region of high pressure gradients.  This observa- 
t i o n  i s  consistent with the  f a c t  t h a t  the  theories  of Lees ( r e f .  13)  
and Cohen and Reshotko ( r e f .  14) indicate  smaller changes i n  l o c a l  
heating rates in regions of substantial pressure gradient than does 
the method of Stine and Wanlass. 

Theory 
However, 

Summary of Present Results 

The over -a l l  response of aerodynamic heating r a t e s  f o r  laminar 
boundary-layer flow t o  changes i n  body shape are  summarized i n  f igure  13. 
m e  data  are presented in a generalized form as the  var ia t ion  of 
S t  with fineness r a t i o ,  L/D. I n  f igure  13(a) ,  the  heating r a t e s  
per un i t  base area are shown. Also shown are  the  heating r a t e s  es t i -  
mated by a simple cone theory, t he  theo re t i ca l  value f o r  a f l a t  face,  
and a semiempirical var ia t ion  f o r  hemisphere-cylinder -bodies based on 
the  measured hemisphere data.  The bracketed data  are  representative 
of t he  range covered by the  K-series and hemisphere-cone groups of 
bodies. It is  apparent t h a t  t he  l a rges t  increase i n  heating r a t e  
occurs between L/D = 0 and 0.5. 
model a t  
a minimum i n  heat t r ans fe r  t o  cones between 
possible t h a t  a s imilar  minimum would occur f o r  a very blunt K-series 
shape, although t h i s  f a c t  has not been demonstrated. 
cones also indicates  a maximum i n  the  v i c i n i t y  of In the  
L/D 
var ie ty  of very blunt shapes. 
blunting r e su l t s  i n  a marked reduction i n  heating r a t e  on a conical  
shape i n  t h i s  
data i n  t ab le  I. L/D = 2 the  heat transfer t o  a cone is not 
reduced as much by s m a l l  blunting although i t s  heating is  f a r  below 
t h a t  f o r  t he  bluntest  shapes. It is  indicated t h a t ,  f o r  a given f ine -  
ness r a t i o ,  shapes t h a t  have minimum surface a rea  and t h a t  u t i l i z e  a 
normal bow shock t o  reduce the  energy l e v e l  of t he  air  i n  contact with 
the  surface w i l l  have the  lowest t o t a l  heating r a t e s  per un i t  base area.  

Since the  estimate f w  the  f la t - faced 

L/D = 0 and 0.2. 
L/D = 0 is  a l so  a l imi t ing  value f o r  cones, theory indicates  

It i s  

The theory f o r  

range from 1/2 t o  1 a cone has about t he  same heating rate as a 
L/D = 1/2. 

However, a small amount of spher ica l  t i p  

L/D range, as has been shown previously by use of the  
Near 

In  f igure  l3 (b )  t h e  same data are  replot ted in a form t h a t  i s  
indicat ive of t he  var ia t ion  of heating rates over afterbody surfaces 
with increasing body fineness r a t i o .  
indicates a maximum at  L/D of about 1/2.) The heat t r ans fe r  t o  t h e  
blunter  shapes, as would be expected, decreases rapidly with increasing 
L/D s ince afterbody surfaces a re  less s teeply inclined t o  the  stream 
and/or a re  enveloped i n  the  r e l a t ive ly  high-entropy a i r  flow passing 
through the  strong bow shock wave. 

(For cones the  theory again 

The data f a l l  i n  %. r a the r  wel l  

CONE'IDETJTIAL 
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defined band, within which a given heat- t ransfer  rate may be obtained 
f o r  a var ie ty  of shapes. A t  an L/D of about 0.8 the  heating r a t e  
(with laminar boundary-layer flow) i s  decreased, by increasing bluntness, 
down t o  the  minimum value f o r  a f u l l y  blunt cylinder.  Thus, i n  a s i t u a -  
t i o n  where body volume is  an important f ac to r ,  these r e su l t s  indicate  
minimum heat load per u n i t  volume f o r  very blunt shapes of r e l a t ive ly  
high fineness r a t i o .  If laminar boundary layer  i s  assured and l o c a l  
"hot spots" can be to le ra ted ,  a shape t h a t  approaches a f u l l  cylinder 
appears most favorable. Shapes s imilar  t o  the blunter  K-series bodies 
a re  i n  t h i s  category and have, as well ,  the  advantage of promoting 
laminar boundary-layer flow. 

CONCLUSIONS 

The convective heat- t ransfer  r a t e s  of various blunt shapes of 
fineness r a t i o s  from 0.3 t o  2 were determined in an i d e a l  gas flow at 
Mach numbers from 3 t o  6 and Reynolds numbered (based on model diameter) 
from O.4X1O6 t o  2.5X106. 
heat flow from isothermal models near recovery temperature. The r e su l t s  
can be summarized as follows: 

Measurements were made of t he  steady-state 

1. Heat-transfer da ta  for blunt shapes with laminar flow expressed 
as the  Stanton number times the  square root of Reynolds number (based 
on conditions behind a normal shock) are  e s sen t i a l ly  independent of 
free-stream Mach number and body shape within the  range of t he  present 
invest  i ga t  ion. 

2. I f  t he  Reynolds number is  such t h a t  t r a n s i t i o n  w i l l  occur 
somewhere on the  body, bluntness can markedly reduce heat- t ransfer  
rates by increasing length of laminar run. Conversely, nose shapes 
having small rad i i  of curvature i n  the  shoulder region can cause ea r ly  
t r a n s i t i o n  t o  turbulent  flow and can grea t ly  increase t o t a l  heating 
rates. 

3. The heat- t ransfer  rate t o  a blunt shape w a s  increased by 
concave stagnation regions having depths i n  excess of 0.3 nose diameter 
where large-scale unsteady flow can develop. 

4. Stagnation point spikes up t o  2 nose diameters i n  length 
caused subs tan t ia l  increases i n  heat- t ransfer  r a t e s  f o r  both steady 
and large-scale osc i l l a t ing  flow. 
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5 .  Heating r a t e s  over a flat-nosed, blunt shape are i n  fa i r  

agreement with t h e o r e t i c a l  estimates,  although the  extent  t o  which 
large pressure gradients a f f ec t  l o c a l  heating rates remains, i n  pa r t ,  
uncertain.  
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TABLE I. - COMPARISON OF HEAT TRANSFER TO SHARP AND BLUNT 60' CONES 

Stb 

0.0039 

Stb at d/D = 0.333 
Sth at d/D = 0 

4.24 

5.05 

6.30 
- 

-333 

333 

333 

333 

0 

0 

0 

.00114 

.00183 

.00158 

.00282 

.00228 

.00438 

.00540 

Sufcl 
SUR: 
- 

o.00?96 
.00510 
.00223 
.00366 

.00550 

.00309 

.00564 

.00446 

.01080 

.00858 

10.691 
I .437 

I ,844 

I .791 

* 795 I 
I 

CE AREA OF BLUNT CONE 
GE AREA OF SHARP CONE = 0.979 

Remarks 

Partly turbulent  

Laminar B. L. 



Group I 

I Inch 

Group 2 

(a) Hemisphere cones and truncated cones 

Figure 1. - Shapes used i n  heat- t ransfer  invest igat ion.  
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I Inch - 
Group 6 

Grouv 7 

(d) Reference and equal-surface-area shapes 

Figure 1. - Continued. 
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Figure 2. - Heat t ransfer  apparatus. 
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Figure 6.- Unsteady 
R = 1.80~10~ 

flow over K-6 shape with nose cavi ty;  M, = 4.24, 
r a t i o  of depth t o  nose diameter of 0.36. 
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